Introduction
II-VI semiconductors are attracting an enormous technological interest both due to its wide band gap character and the potential use in optoelectronic devices.
1 Among the IIB-VI semiconductors, the zinc chalcogenides ZnX (X = S, Se and Te) are being extensively studied for many applications 2, 3 including blue laser fabrication techniques, optical switching devices, fabrication of visible light emitting-devices and modulated hetero-structures, optical wave guides, optical computing and cascaded laser operation chip sized platforms. 4 Moreover, the magnesium chalcogenides, MgS, MgSe and MgTe can be utilized in blue and ultraviolet-wavelength optics and hightemperature electronics. [5] [6] [7] They are also a potentially excellent alternative for cladding layers due to their hardness, high melting point, high thermal conductivity and large bulk modulus. These compounds can crystallize in rocksalt, zincblende, wurtzite and nickel arsenide phases.
6 II-VI semiconductors containing Mg have been utilized for opto-electronic devices in the whole visible field. 7 Ternary alloys of Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te are the suitable candidates to be used as cladding layer in laser diodes (LDs) and light-emitting diodes (LEDs) with green and blue emission, because their lattice constants and fundamental band gaps can be tuned by changing the content of magnesium. [9] [10] [11] Experimentally, these alloys have been fabricated by using different growth techniques. [12] [13] [14] [15] [16] [17] [18] [19] [20] It has been found that, the molecular-beam-epitaxy (MBE) grown ZnMgS-based photodetectors can offer the promising characteristics for the detection of short-wavelength UV radiation.
14, 15 Optical properties of these materials have been studied experimentally by several authors. The wavelength dependence of the indices of refraction n have been measured for Zn 1−x Mg x Se (0 ≤ x ≤ 0.52) by Peiris et al. 16 and Zn 1−x Mg x Te (0 ≤ x ≤ 0.67) by Liu et al. 17 using a combination of the prism coupler method and reflectivity at wavelengths below their respective energy gaps. The dielectric function for Zn 1−x Mg x Te (0 ≤ x ≤ 0.52) has been determined by Franz et al. 18 in the energy range upto 6 eV. Theoretical studies on three types of semiconductor alloys have been carried out by different ab initio methods. Charifi et al. 21 have been determined the electronic structure of Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te alloys using the FP-LAPW method. The band bowing parameter of the Zn 1−x Mg x Se ternary alloys have been calculated by different ab initio methods. [22] [23] [24] Surucu et al. 25 have investigated the electronic, elastic and optical properties of Zn 1−x Mg x Se alloys with the plane-wave pseudo potential (PW-PP) method. Imad Khan et al. 26 have used the full-potential linear augmented planewave (FP-LAPW) method to study the effect of phase transition on the optoelectronic properties of Zn 1−x Mg x S alloys. To our knowledge, no theoretical work has been reported on optical properties of Zn 1−x Mg x Te alloys. Since these materials can be used for fabrication of optoelectronic devices, a comprehensive study of optical properties and electronic transitions over a wide energy range of the studied materials is crucial for the accurate design of such structures. In this work, we have calculated the full range of optical properties of Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te (0 ≤ x ≤ 1) alloys such as the dielectric function, reflectivity, the absorption coefficient, refractive index, the extinction coefficient and energy loss function using the FP-LAPW method within the density functional theory. In addition, the electronic transitions causing the peaks in the ε 2 (ω) spectra are identified. The paper is organized as follows: in Sec. 2, we explain a brief description of the calculation method. The results of structure, electronic and optical properties are presented in Sec. 3. The conclusion is given in last section. 
Calculation Method
The calculations presented in this work were performed using the FP-LAPW approach. In this method no shape approximation on the potential or on the electronic charge density is made. We use the wien2k (Ref. 27) implementation of the method which allows the inclusion of local orbitals in the basis, improving upon linearization and making possible a consistent treatment of the semicore and valance states in an energy window, hence ensuring proper orthogonality. The exchange correlation potential within the generalized gradient approximation (GGA) is calculated using the scheme of Perdew et al. 28 The convergence parameter RK max , which controls the size of the basis sets in these calculations, was set to 8. The maximum l quantum number for the wave function expansion inside the atomic sphere was confined to l max = 10. The G max parameter was taken to be 12 (Ryd) 1/2 . A mesh of 73, 70, 129, 70 and 73 k-points have been used for the composition x = 0, 0.25, 0.5, 0.75 and 1, respectively for the brillouin zone integration in the corresponding irreducible wedge. The R MT values for Zn, Mg, S, Se and Te were taken to be 2.5, 2.3, 2.1, 2.2 and 2.4 a.u., respectively. All these values have been chosen in a way to ensure the convergence of the results.
Results and Discussion

Structural and electronic properties
In order to study the structural properties of Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te (0 ≤ x ≤ 1), alloys are modeled for different x compositions with a step of 0.25. For each composition, the structural optimization is carried out by minimizing the total energies with respect to the unit cell volume using Murnaghan's equation of state. 28 The crystal structure of the binary compounds is zinc-blende with space group F-43m. For the compositions x = 0.25 and 0.75, the structure becomes cubic with space group p-43m where Zn is replaced with Mg at the apex and face-center sites respectively, while it changes to tetragonal structure with space group p-4m2 for composition x = 0.5. Similar structural changes are reported for Cd x Zn 1−x S, Ca 1−x Sr x S and Zn 1−x Cr x Se in Refs. 30-32. Table 1 summarizes the structural parameters such as the lattice constant and the bulk modulus for binary compounds and their ternary alloys along with available experimental and theoretical data. Our results are in reasonable agreement with the existing experimental and theoretical values. 6, 12, 25, [33] [34] [35] [36] [37] [38] [39] [40] The values of the lattice parameter for all three alloys increase with the Mg concentration. This increasing arises because of the higher atomic radii of Mg (r Mg = 0.160 nm) than Zn (r Zn = 0.137 nm). It is also evident from the table that the incorporation of Mg in ZnS, ZnSe and ZnTe decreases the bulk modulus values indicating the increase in alloys compressibility with increase of x from 0 to 1. Since the optical spectra are related to band dispersion and probabilities of interband optical transitions, it is essential to have a detailed knowledge of the electronic structures. Owing to the near similarity between the results obtained for the studied alloys, the band structures only for Zn 1−x Mg x Se at x = 0, 0.25, 0.5, 0.75 and 1 are given in Fig. 1 along the high symmetry directions. Fermi level is adjusted as the zero energy level for different x values. The results indicate that all three alloys have a direct band gap at Γ point in the IBZ for the whole range of x composition. The calculated energy band gaps are presented in Table 2 along with other experimental and theoretical values. The band gap values are found to be in good agreement with the earlier theoretical works 6, 25, [38] [39] [40] and to be less than the experimental results. 13, 33, 37, 42 This discrepancy is explained by the fact that DFT describes the ground state properties and the energy levels do not correspond to excitations. 43 There is an additional discontinuity between occupied and unoccupied states which is not included in DFT. A very simple method to overcome this drawback is to use the scissor correction, 44 which makes the calculated energy gap equal to the experimental gap. It is found that with the increase of Mg concentration for the alloys of interest, the values of the gap increase which is consistent with the previous experimental results. This is mainly due to the increasing of ionicities with concentration x. 21 In order to deeply understand the electronic structure, in Fig. 2 we show the total density of states (TDOS) for all studied compounds along with the partial density of states (PDOS) for Zn 1−x Mg x Se (0 ≤ x ≤ 1) as prototype. In binary ZnS, ZnSe and ZnTe compounds, the lowest part of the valence band is dominated by chalcogen s states, while the next structure is mainly composed of Zn 3d states hybridized with chalcogen p states. It is clear from Fig. 2 that, the strong peak in the valence band is caused by these Zn 3d states. The valence band near Fermi energy is dominated by chalcogen p states and also Zn 4s states for the first peak at around −4 eV. 4p and chalcogen d states. For Mg-doped alloys, the distribution of the states are almost similar to those of binary Zn-compounds except Mg 3s, 3p states, which also contribute to conduction band. In comparison to binary Zn-compounds, it can be observed that when x increases from 0 to 0.75, the contribution of chalcogen p states in the hybridization between Zn 3d and chalcogen p states becomes negligible and Zn 3d states shift toward higher energies with a narrower band width. We also note that the top of the valence band and the bottom of the conduction band are mostly composed of chalcogen p states and Zn 4s, respectively. In the bottom of the conduction band, with increasing Mg content, the conduction band shifts towards higher energies and the Zn 4s states slightly enhance, which this shift leads to a reduction in bandwidth and band gap widening. 
Optical properties
The optical properties of matter can be described by means of the transverse dielectric function ε(ω). There are two contributions to ε(ω), namely, interband and intraband transitions. The contribution from intraband transitions is important only for metals. The interband transitions can further be split into direct and indirect transitions. Here we neglect the indirect interband transitions which involve scattering of phonons and are expected to give a small contribution to ε(ω). 45 To calculate the direct interband contribution to the imaginary part of the dielectric function ε 2 (ω), we should sum up all possible transitions from the occupied to the unoccupied states. Taking the appropriate transition matrix elements into account, the imaginary part of the dielectric function ε 2 (ω) is given by random phase approximation (RPA), neglecting local field effects:
where ℏω is the energy of the incident photon, p is the momentum operator (ℏ/i)(∂/∂x ′ )|k is the eigenfunction with eigenvalue E kn , and f (kn) is the Fermi distribution function. The evaluation of the matrix elements of the momentum operator in Eq. (1) et al. 45 The real part of the dielectric function ε 1 (ω) follows from the KramersKronig relation. 46 Other optical spectra, such as the energy loss spectrum, the refractive index and the reflectivity can be easily obtained from components of the complex dielectric function. In cubic crystals, the x-, y-and z-axes are indistinguishable and therefore their optical properties are isotropic. The materials with tetragonal symmetry are called uniaxial crystals. These crystals possess a single optic axis, which is usually taken as the z-axis. Hence, these compounds have anisotropic optical properties.
47 Figure 3 shows the imaginary spectra of the dielectric function for Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te at the concentrations of 0, 0.25, 0.5, 0.75 and 1. The calculated ε 2 (ω) has major peaks, labeled E 1 , E 2 , E 3 and E ′ for each composition. It is clearly seen that all the structures for different compositions of Mg in the imaginary part of dielectric function are shifted toward lower energies as we go from S to Te. This trend may be directly inferred from the band structure results, given the shift in the location of the first structure above the Fermi level in DOS curves. It is worthwhile to attempt to identify the transitions that are responsible for the structures in ε 2 (ω) using our calculated band structures. Looking at optical matrix elements, it is evident that for each type of alloy, the chalcogen p states as initial and Zn 4s, Mg 3s, chalcogen d states as final states perform the major role in optical transitions. The overall behavior of ε 2 (ω) for all three alloys is rather similar, although there are some differences in details. Hence, the location of the main peaks in ε 2 (ω) and the associated dominant transitions together with the major portion of final states to each peak only for Zn 1−x Mg x Se (0 ≤ x ≤ 1) are given in Table 3 for the sake of saving pages. Table 4 lists the important critical points of ε 2 (ω) for the alloys of interest at various compositions of x. The first critical points, labeled E 0 , are associated with the threshold for direct optical transitions between the valence band maximum and conduction band minimum at Γ point. These points are closely related to the direct band gaps and shift toward for ZnTe, which with increasing Mg content, finally merge with the main structures at 5.34, 4.55 and 3.65 eV for MgS, MgSe and MgTe, respectively. Then a rather steep decrease between 3 eV and 7 eV for all compositions, a small peak at around 7.5 eV and 6.5 eV for Zn 1−x Mg x S and Zn 1−x Mg x Se, after that ε 1 (ω) becomes negative and approaches to the minimum at about 8.5, 7.5 and 6.5 eV for Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te. In these energy ranges, a strong absorption and an increase in reflection is presented; and then a slow increase toward zero at higher energies. Our calculated values of the static dielectric constant for the alloys of interest at various compositions of x are summarized in Table 4 . It is evident that the smaller energy gap yields larger ε 1 (0) value. This means that, the static dielectric constant is inversely related to the band gap. Dependence of dielectric function on the energy gap could be described within the framework of the Penn model. also a contrary relationship between the zero frequency limit of the refractive index and energy gap of a semiconductor 51 ; therefore the refractive index of each alloy decreases with x, while the band gap energy increases. This behavior has been verified experimentally for Zn 1−x Mg x Te (0 ≤ x ≤ 0.67) by Liu et al. 16 For each type of alloy, n(ω) increases with energy in the transparency region and reaches the maximum values; then gradually falls below unity at photon energies greater than 9, 8.5 and 7 eV for Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te, respectively. This implies that the group velocity of the incident radiation is greater than c. In other words group velocity shifts to negative domain and the nature of the medium changes from linear to nonlinear and hence the material becomes superluminal for high energy photons. sitions. These two physical phenomena can be distinguished rather unambiguously if the dielectric constants in the vicinity of such a peak are known. 54 It is obvious that the energy loss spectra do not show distinct maxima at energies smaller than 10 eV for all compositions. The reason is that ε 2 (ω) is still large at these energy values. In the range of 10-21 eV there are large peaks in the energy loss spectra. At such high energies ε 2 (ω) is small, and thus the amplitude of the energy loss function becomes large. The most prominent peak in the electron energy loss spectrum is identified as the plasmon peak, signaling the energy of collective excitations of the electronic charge density in the crystal. The plasmon peaks for Zn It is clearly seen that the zero frequency limit of reflectivity for each alloys decreases with the increase of Mg content. On further increase in the incident photon energy, the reflectivity, R(ω), increases and reaches the maximum value at around 50% for each composition of x in the range of about 5-15 eV. The peaks in the regions of interest are caused by the transitions from the valence band to the conduction band. Beyond the peak values, the reflectivity then falls sharply which is caused by the collective plasma resonance. The energies of the various reflectivity peaks calculated in Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te are given in Tables 5-7 together with the experimental ZnS, ZnSe and ZnTe data at room temperature. In order to compensate the GGA underestimation of the band gap, the locations of all peaks for the binary compounds have been scissors shifted by an amount equal to the difference between the calculated and the experimental band gaps (1.62 for ZnS, 1.52 for ZnSe and 1.07 for ZnTe). Our results for ZnS, ZnSe and ZnTe are in good agreement with available experimental data.
55 Figure 9 shows the absorption coefficient for Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te alloys at x = 0, 0.25, 0.5, 0.75 and 1. Above the band gap, the materials begin to exhibit strong optical dispersion as a consequence of the interband transitions from the chalcogen p states to Zn 4s, Mg 3s and chalcogen d states. We note that, the high absorption region can be observed in the energy range 4.5-15 eV for all these materials. The maximum value in the absorption spectra is found at around 8. sharper as the concentration of Mg increases. These compounds make a transition from absorbing to transmitting above the plasmon energies, for which k → 0 at high energies.
Conclusion
In summary, using the FP-LAPW approach in the framework of the DFT, we have obtained the optical properties of Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te (x = 0, 0.25, 0.5, 0.75 and 1) ternary alloys. These materials are characterized by direct band gap at Γ point in the IBZ for each alloy composition. By analyzing the dielectric function, one can obtain that, the chalcogen p states as initial and Zn 4s, Mg 3s, chalcogen d states as final states perform the major role in optical transitions. The static refractive index, dielectric constant and reflectivity decrease with increasing Mg content in each alloy, whereas the band gap increases. The refractive index drops below unity at energies larger than 9, 8.5 and 7 eV for Zn 1−x Mg x S, Zn 1−x Mg x Se and Zn 1−x Mg x Te, respectively. For Zn 0.50 Mg 0.50 S, Zn 0.50 Mg 0.50 Se and Zn 0.50 Mg 0.50 Te, structure is tetragonal. Hence, these materials have anisotropic optical properties. Our calculated refractive index and reflectivity are in good agreement with the available experimental data. The analysis of our results confirms the importance of these alloys for optoelectronic applications in the visible and UV spectral regions.
